Introduction
Photodynamic therapy (PDT) employs the dyesensitized photooxidation of biological matter to treat various conditions, especially tumors that are accessible to light probes, such as skin, bladder, vaginal, bronchial, and rectal cancers (1) (2) (3) (4) . Although the molecular mechanism for thera- peutic actions for PDT has not been established, substantial evidence indicates a prominent role for mitochondria. Porphyrins, the class of photosensitive dyes most often employed, tend to concentrate in mitochondria (5, 6) . Moreover, damage to mitochondrial function is one of the earliest events in porphyrin PDT (7) (8) (9) . We speculated that mitochondrial benzodiazepine receptors (MBR) might play a role in the mechanism of PDT. MBR are distinct from the neuronal "central" benzodiazepine receptors but can bind clinically employed benzodiazepines with high affinity. MBR are localized to mitochondria where they comprise a complex of an 18 kilodalton (kD) receptor protein, the 32 kD voltage-dependent anion carrier (VDAC), and the 30 kD adenine nucleotide carrier (10) (11) (12) (13) (14) . Porphyrins represent endogenous ligands for MBR. In tissue extracts, porphyrins are the only substances that bind with nanomolar affinity to MBR (15) (16) (17) . Porphyrin PDT targets mitochondrial membranes where MBR are localized (18). Incubation of isolated mitochondria with porphyrins and light results in the oxidation of sulfhydryl groups in specific membrane proteins with molecular weights similar to MBR constituents (19) . Moreover, loss of ATP/ADP exchange via the adenine nucleotide carrier is a major early step in porphyrin photosensitization of isolated mitochondria (20) . In the present study, we show that the relative potencies of porphyrins in eliciting photodynamic killing of tumor cells correlate closely with their affinities for MBR. Moreover, the relative sensitivities of tumor cell lines to PDT parallel their MBR levels.
Materials and Methods

Materials
Cells were obtained from American Tissue Culture Collection (Rockville, MD). eH] PK11195 was obtained from NENlDupont (Boston, MA).
Porphyrins were obtained from Porphyrin Products (Logan, UT). PKll195 was a gift from Pharmuka and R05-4864 was a gift from Hoffman-LaRoche. All other chemicals were obtained from Sigma Chemical Co. (St. Louis, MO).
Cell Culture
Cells were maintained at 37°C in a humidified CO 2 incubator in the following media: mouse L cells were grown in MEM plus 10% horse serum; C6 glioma cells were grown in Ham's F-1O plus 15% horse serum and 2.5% fetal bovine serum (FBS); V79 were grown in MEM plus 10% FBS; HeLa, WiDR, and LS174T cells were grown in MEM plus nonessential amino acids and 10% FBS; and SVEC 4-10 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (low glucose) plus 10% FBS. For clonogenic survival experiments, cells were plated at appropriate densities as suspensions approximately 12 hr before drug/light exposure.
MER Assays
Rat kidney mitochondria were prepared as described (16). Cell homogenates used for binding studies were prepared by removing culture media, rinsing with phosphate buffer.ed saline (PBS), and homogenizing in 10 mM HEPES (pH, 7.4) using a Dounce B homogenizer with 10 to 15 strokes at 4°C. Protein was determined by Coomassie Blue protein assay (BioRad, Hercules, CA) and adjusted to a final value of 0.5 mg/ml in the binding assay. IC 50 and Ki values for porphyrins and analogs were determined by displacement of eH] PK11195 binding to cell homogenates and isolated rat kidney mitochondria, respectively, as described earlier (16). MBR densities of the various cell lines were determined by performing Scatchard analyses on eH] PK11195 saturation isotherms for each cell line as reported earlier (16). For eH] PK11195 binding studies in live cells, confluent cultures in 60-mm dishes were used. After medium removal and rinsing with PBS, live cell monolayers were incubated in 2 ml PBS containing 2 nM eH] PK11195 with and without 10 p,.M PK11195 or varying concentrations of Photofrin II at 37°C for 1 hr. Cells were scraped from the dishes, collected over GF/C glass fiber filters, and washed three times with ice-cold PBS. The filters were counted for radioactivity in scintillation cocktail.
Photo toxicity Studies
All cultured cells were plated at a density of 300 to 10,000 per dish. Cells were exposed to varying concentrations of porphyrins and analogs in DMEM for 4 hr. After a brief wash with PBS, cells were irradiated for 60 sec with a broad spectrum light from a Kratos lamp at 60 cm distance and cultured in DMEM. Clonogenic assessment for cell survival was performed after 7 to 14 oays of cell growth. D37 values represent concentrations that reduce survival to 37% of control.
Results
To explore a role for MBR in porphyrin phototoxicity we first determined whether V79 cell homogenates display high- mitochondrial ATP with ADP generated by hexokinase (26) . This would provide direct ATP supply to hexokinase and yield improved mitochondrial coupling through kinase-generated ADP. Tumor cells display especially high levels of hex- (32) . This protein is labeled by the alkylating benzodiazepine [3H] AHN086 (11) which causes a large release of calcium from isolated mitochondria (33) . We hypothesize that porphyrins, when bound to MBR and exposed to light, generate radical oxygen species that oxidize the adenine nucleotide carrier to increase mitochondrial permeability. This would account for the rapid loss of adenine nucleotide exchange and Ca2' release from mitochondria following porphyrin PDT (9, 20, 34) and associated cytotoxicity. The oxidative sensitivity displayed by the adenine nucleotide carrier (35) supports our hypothesis and indeed may implicate the MBR complex in diverse pathological and physiological phenomena.
Our findings have clear clinical relevance. Some benzodiazepines and related agents have extremely high affinity for MBR in the low nanomolar range and, like porphyrins (36), radiolabeled forms of these agents have been employed to localize neoplasms in vivo (37) . Photosensitive compounds with high affinity for MBR may afford more specific PDT agents with fewer side effects. Such compounds may also be readily screened for using binding studies with [3H] PK1 1195 and isolated mitochondria. Interestingly, MBR levels are increased in several types of tumors (38, 39, 40 Photodynamic inactivation of selected intracellular enzymes by hematoporphyrin derivatives and
